ABSTRACT The origin and direction of synthesis in vivo of the viral and complementary strands of fl DNA were studied by measuring the distribution of radioactivity along the genome after a short pulse of [3H]thymidine. The results indicate that the origins of replication of viral and complementary strands are located close to one another, probably both within a restriction fragment (HaeIII-G) which is about 120 bases long. Replication of both viral and complementar strands pro s in the 5' -3' overall direction. Thus, the viral strand is elongated in the counterclockwise and the complementary strand in the clockwise direction on the standard genetic map. A model is proposed in which only two mechanisms are invoked to generate all fl DNA species: (1) the conversion of singetranded viral DNA into double-stranded molecules and (2) the synthesis of viral single strands from double strands. The genome of the filamentous bacteriophages f1, M13, and fd is a covalently circular single-stranded DNA of about 2 X 106 daltons (1). Replication of the DNA is believed to occur in three steps in infected cells: (i) conversion of the parental viral DNA into double-stranded replicative form (parental RF), (ii) replication of RF to form a pool of progeny RF, and (iii) asymmetric replication of single-stranded viral DNA by the replacement of old viral strands on the RVd molecules by newly synthesized viral strands (2).
the origins of replication of viral and complementary strands are located close to one another, probably both within a restriction fragment (HaeIII-G) which is about 120 bases long. Replication of both viral and complementar strands pro s in the 5' -3' overall direction. Thus, the viral strand is elongated in the counterclockwise and the complementary strand in the clockwise direction on the standard genetic map. A model is proposed in which only two mechanisms are invoked to generate all fl DNA species: (1) the conversion of singetranded viral DNA into double-stranded molecules and (2) the synthesis of viral single strands from double strands. The genome of the filamentous bacteriophages f1, M13, and fd is a covalently circular single-stranded DNA of about 2 X 106 daltons (1) . Replication of the DNA is believed to occur in three steps in infected cells: (i) conversion of the parental viral DNA into double-stranded replicative form (parental RF), (ii) replication of RF to form a pool of progeny RF, and (iii) asymmetric replication of single-stranded viral DNA by the replacement of old viral strands on the RVd molecules by newly synthesized viral strands (2) .
The present paper deals with the origin and direction of synthesis, in vivo, of the viral and complementary strands of fI DNA. We used a method which was originally devised by Dintzis (3) for a study on the sequential order of peptide bond formation in protein synthesis, and which was applied by Danna and Nathans (4) to SV40 DNA replication and by Godson (5) to bacteriophage bX174. The logic of the method is as follows: infected cells are exposed to [3H] thymidine for a very short period to label the replicating viral DNA molecules. From such cells completed viral DNA molecules are isolated. In the population of such completed molecules, the portion of the molecule which is synthesized later should be labeled more extensively than the portion synthesized earlier. Thus,'if replication starts at a specific site on the viral DNA and if it proceeds in an orderly fashion along the genome, one should be able to demonstrate a gradient of specific radioactivity along the genome, ranging from the origin to the terminus of DNA replication (4, 5) . Technically the distribution of radioactivity can be studied by restriction cleavage of such DNA molecules into specific fragments and by the subsequent measurement of radioactivity in the fragments. F1 RF is cleaved into nine specific fragments by endonuclease R-HaeIII, and the order of the fragments has been determined (6, 7) and is shown in Fig. 1 (10) .
Other DNAs. Preparation of uniformly labeled, or nonradioactive, replicative from DNA (RF) and single-stranded DNA of fI phage have been described earlier (6, 11, 12) . Full-length linear, double-stranded DNA (RFIII) was prepared by digestion of RFI with endo R-HindII, which cleaves fI RF at a single unique site (6) .
Nucleases. Preparation and reaction conditions of endonucleases R.HaeIII and R-HindII have been described (6) . Endo R-HpaII was purified as described by Sharp et al. (13) . SI uniformly labeled with 32P, digested with endo R.HaeIII, and electrophoresed in a slab gel containing a 2.5-7.5% polyacrylamide gradient as described before (6) . After radioautography which served to locate the 32P-labeled DNA fragments, the bands were cut out of the gel and the 3H and 32P content of each band was measured after extraction with NCS (Amersham/ Searle) (9) . Portions of the gel which are located in between the radioautographic bands were found to contain little, if any, radioactivity, either 3H or 32P. The 3H/32P ratio was calculated for each restriction fragment. In order to correct the data for variation in the thymine content of each DNA fragment, the values thus obtained were normalized to 3H/32P ratios obtained with corresponding restriction fragments that were derived from an appropriate DNA sample with the relevant strand uniformly labeled (indicated in text for individual experiments). The lowest value of the normalized 3H/32P ratios among the fragments produced from a DNA sample was arbitrarily expressed as 1.0 (see Table 2 ).
RESULTS
Ray (14) has shown that late in infection of bacteria with phage f1, label flows first into RF and then into single (viral) strands. At this time the DNA synthesized is mainly of the viral strand type and little complementary strand synthesis occurs. Thus, a labeled RFI can be considered as the form which has cpmpleted one cycle of viral strand replication.
To determine the origin and direction of viral strand replication, we therefore analyzed RFI Table 2 ). If one estimates the 3H/32P ratio for fragments E and F by interpolation of the curve, the above value would mean that fragment D was not labeled with more 3H than was fragment B. These results are interpreted to mean that replication of the viral strand late in infection starts at a site within fragment HaeIII-G and proceeds counterclockwise on the fI map shown in Fig. 1 . Similar experiments (data not shown) with various periods of pulse labeling, with RFII instead of RFI preparations, or with the use of endo R-HpaII instead of endo R-HaeIII for the DNA cleavage, all supported this conclusion and indicated that it takes about 2-3 min at 200 for an fI RF molecule to be completed.
Since single-stranded viral DNA is produced by replacement of the viral strand of late RFI (14) , the origin and direction of synthesis of viral strand of RFI described above should be equivalent to that of isolated single-stranded viral DNA. From a lysate of cells which had been pulse-labeled for Table 1 ). Curve 2 (0-0): Single-stranded viral DNA was isolated from cells pulse-labeled at 20°for 10 min at 40 min after infection, mixed with non-radioactive fl RFIII, and subjected to alkali-denaturation and subsequent renaturation (21) . Curve 3 (-----0): RFI isolated from cells which were pulse-labeled at 200 for 2 min at 5 min after infection. Both strands of this RFI are labeled (see Table 1 ). Curve 4 (0-0): RFII containing pulse-labeled complementary strand of early RFI. An aliquot of RFI preparation described for Curve 3 was converted to RFIII by treatment with endo R-HindII, mixed with a large excess of nonradioactive single-stranded viral DNA, and subjected to alkali-denaturation and subsequent renaturation (21) . RFII molecules produced by the hybridization were isolated by high salt neutral sucrose gradient centrifugation (Spinco SW 50.1 rotor, 45,000 rpm, 3 hr, 180). The 3H-labeled DNA samples thus obtained were mixed with RFI uniformly labeled with 32p, digested with endo R-HaeIII, and the 3H/32P ratio was calculated and normalized for each restriction fragment as described in Materials and Methods. The actual raw data for the curve 1 are shown in Table 2 . The ordinate represents the normalized 3H/32P ratio. The abscissa represents the physical map of total fl genome, which is opened at the endo R-HindII cleavage site and is divided into endo R-HaeIII fragments (see Fig. 1 ).
bridization were mixed with RFI uniformly labeled with 32p, cleaved with endo R-HaeIII, and subjected to gel electrophoresis. The 3H/32P ratios of the restriction fragments were measured as before, and were normalized to those obtained with counts of this RFI were found in its viral strand (see Table 1 ). t The values listed are those in the column (c) divided by 0.85, which is the lowest among them.
$ The values listed were obtained with 3H-labeled RFI from cells labeled for 10 min at 370 starting at 40 min after infection. § The values in this column are those seen in Fig. 3 , Curve 1.
Biochemistry: Horiuchi (Fig. 3, curve  2) showed a gradient of the 3H/32P ratio, which is qualitatively similar to, but much shallower than that observed for late RFI (Fig. 3, curve 1) . The shallowness of the gradient is due to the presence of some fully labeled single-stranded DNA molecules. A labeling period of 10 min (at 200) is required if labeled single strands are to be observed. Since this period is about four times that needed for the synthesis of one complete viral strand, the synthesis of free single strands is much less synchronous than that of RF. Similar experiments were carried out with use of RFI isolated from cells which were pulse-labeled at an early stage of infection. At 5 min after infection the culture was transferred to 20°a nd, 10 min later, labeled with [3H]thymidine for 2 min. A control culture was labeled for 5 min at 370 starting at 5 min after infection. RFI molecules were isolated from the cell lysate by sucrose gradient and CsCl-ethidium bromide centrifugations as described above. From the results of the hybridization experiments shown in Table 1 it is clear that preparations of early RFI have both the viral and the complementary strands labeled to a similar extent. The 3H/32P ratio of the endo R-HaeIII fragments obtained from pulse-labeled early RFI is shown in Fig. 3 (curve 3) . The fragment HaeIII-G shows a clearly higher 3H/32P ratio than the other fragments. However, no clear gradient of the 3H/32P ratio throughout the genome is observed.
The following experiment was carried out to measure the distribution of 3H radioactivity in the complementary strand of early RFI. The RFI preparation described above was first converted into RFIII by treatment with endo R-Hind. The absence of remaining RFI or RFII molecules was monitored by sucrose gradient centrifugation of an aliquot of the digest. A large excess of nonradioactive single-stranded viral DNA was added to the RFIII preparation, and the mixture was subjected to alkali-denaturation and subsequent renaturation. RFII molecules, produced by hybridization of the 3H-labeled complementary strand to the nonradioactive viral DNA, were separated from the residual single-stranded DNA by neutral sucrose gradient centrifugation. They were then digested with endo R-HaeIII after mixing with RFI uniformly labeled with 32p. The 3H/32P ratio of each HaeIII fragment was measured as before. To normalize the data obtained for the thymine content of each DNA fragment, we processed a control preparation of early RFI which had been labeled with [3H]thymidine for 5 min at 370 in parallel with the pulse-labeled RFI. The results in Fig. 3 (curve 4) indicated that among the DNA fragments, HaeIII-I has the lowest 3H radioactivity, and that there is a gradient of 3H radioactivity along the genome, increasing clockwise on the phage fi map (Fig. 1) (15) have demonstrated that the discontinuity in the complementary strand of the RFII synthesized in vitro is specifically located within restriction fragment HpaII-H (see Fig. 1 ), implying that the origin for the synthesis of the complementary strand is located within this restriction fragment. Furthermore, Schaller et al. (16) have recently isolated a unique segment of fd viral DNA that is bound to RNA polymerase in the presence of DNA unwinding protein from an initiation complex of the in vitro reaction. This DNA segment again mapped within fragment HpaII-H. Our in vivo results on the origin of complementary strand replication are consistent with these in vitro results, since HaeIII-G is located within HpaII-H (see Fig. 1 ).
Cleavage mapping of phage fI has revealed that on the genetic map of fi there is a relatively large intergenic space (I.S.
in Fig. 1 ) between genes IV and II (see ref. 17 ). Since fragment HaeIII-G is included within the intergenic space, the results described above indicate that the origin(s) of replication for either strand is located within the intergenic space. The results reported in this paper also indicate that the overall direction of replication, along the whole fi genome, is opposite for the viral and complementary strands, i.e., replication proceeds in a 5' -3' direction for each strand. The 5' -a 3' direction of the viral strand is known from the fact that the viral strand is equivalent to the messenger strand (18) and the position of various amber mutants in particular genes is known from the genetic map (19) , the physical map (6, 17) and in vitro protein synthesis (11) . While the present experiments do not discriminate unambiguously between the complementary strand synthesis during parental RF formation and during progeny RF formation, still a gradient of 3H radioactivity in the early RFI was observed only after the isolation of the complementary strand (Fig. 3 , curve 4) and not with the native RFI (Fig. 3, curve 3 ). Since the parental phage DNA was not radioactive, and since the early RFI was labeled almost equally in both strands ( 
